Cystic fibrosis is an autosomal recessive disorder caused by mutations in the cystic fibrosis transmembrane conductance regulator (*CFTR*) gene. It is the most common life-limiting genetic condition in people of Caucasian ancestry and affects about one in 3000 newborns in Europe, North America, and Australia \[[@B1]\]. The incidence is lower in other parts of the world, such as in Africa (Cape Town, South Africa, one in 12,000) and Asia (Japan, one in 350,000). More than 2000 variants of the *CFTR* gene have been identified to date, and close to 300 are known cystic fibrosis--causing variants \[[@B2]\]. On the basis of functional consequence, the mutations are broadly grouped into six classes ([Table 1](#T1){ref-type="table"}) \[[@B3], [@B4]\]. The CFTR protein acts as an anion (primarily Cl^−^) channel that controls ion movement across the cell membrane and is regulated by cyclic adenosine monophosphate-dependent phosphorylation. In pancreatic ductal cells, the Cl^−^ secretion via CFTR is functionally coupled to a Cl^−^-bicarbonate exchanger, producing net bicarbonate secretion, and CFTR itself may also secrete bicarbonate \[[@B5], [@B6]\]. Defective CFTR function reduces the volume of pancreatic secretions, predisposing to plugging of small ducts, and increases acidity, promoting premature activation of digestive enzymes \[[@B7]\]. In the digestive, respiratory, and reproductive systems, dysfunction of the CFTR protein leads to inspissated secretions and obstruction of epithelium-lined ducts, eventually resulting in inflammation and tissue damage \[[@B8]\]. Pulmonary infections, sinus disease, exocrine and endocrine pancreatic insufficiency, hepatobiliary disease, and male infertility are commonly observed in individuals with cystic fibrosis, with respiratory failure being the primary cause of death. The median predicted survival of patients with cystic fibrosis has improved dramatically because of advances in therapeutics and nutrition, and currently stands at around 40 years \[[@B9]\]. If the mortality continues to decline at the current rate, the median life span of children born and diagnosed in 2010 is projected to reach \>50 years. Studies of specific *CFTR* mutants have proved instrumental in linking the underlying molecular defects to the disease phenotypes and have aided recent developments in targeted small-molecule therapy \[[@B10]\].

###### 

**Six Classes of *CFTR* Gene Mutations Grouped According to Their Functional Consequence**

  Mutation Class   Molecular Consequence                                          Representative Genotype   Correct Protein Targeting   Channel Activity   Disease Severity
  ---------------- -------------------------------------------------------------- ------------------------- --------------------------- ------------------ ------------------
  I                Premature termination due to nonsense or frameshift mutation   G542X                     No                          No                 Severe
  II               Improper protein folding and trafficking                       F508del                   No                          No                 Severe
  III              Defect in ATP-dependent gating of channel                      G551D                     Yes                         No                 Severe
  IV               Defect in channel formation and conductance                    R117H                     Yes                         Reduced            Mild
  V                Defect in pre-mRNA splicing                                    A455E                     Reduced                     Reduced            Mild
  VI               Decreased protein stability and retention at cell surface      c.120del23                Reduced                     Reduced            Mild

Abbreviations: ATP, adenosine triphosphate; mRNA, messenger RNA.

1. Risk Factors and Natural History of Diabetes Associated With Cystic Fibrosis {#s1}
===============================================================================

Pancreatic involvement in cystic fibrosis includes exocrine insufficiency with malabsorption, pancreatitis, and insulin sufficiency with abnormal glucose tolerance and cystic fibrosis--related diabetes (CFRD). Diabetes is the most common endocrine complication of cystic fibrosis and affects about 20% of adolescents and 40% to 50% of adults \[[@B11]\]. Certain *CFTR* genotypes that cause complete lack of protein function, such as *Δ*F508 (also referred to as F508del, p.Phe508del, or c.1521_1523delCTT), carry a much higher risk of CFRD than do genotypes that partially spare protein function \[[@B12]\]. Nearly all patients with these severe genotypes develop exocrine pancreatic insufficiency by the end of the first year, and about 80% develop CFRD by middle age \[[@B13], [@B14]\]. Other risk factors include older age, female sex, hepatobiliary disease, and corticosteroid use \[[@B12], [@B13], [@B15]\]. The diagnosis of CFRD is associated with worse clinical outcomes in patients with cystic fibrosis, reflected in more frequent pulmonary exacerbations, greater reduction in lung function (as measured by forced expiratory volume in 1 second), poorer nutritional status, and decreased survival, particularly in female patients \[[@B11], [@B13], [@B16], [@B17]\]. Even impaired glucose tolerance occurring well before the diagnosis of overt diabetes has been linked to major clinical deterioration \[[@B16], [@B18]--[@B20]\]. Insulin therapy in CFRD has been shown to improve pulmonary function, increase body weight, and reduce the frequency of lung exacerbations \[[@B21]--[@B26]\].

As the average life span of people with cystic fibrosis continues to grow, CFRD is expected to become more common. To enhance early diagnosis and intervention, annual screening of all patients with cystic fibrosis using a 75-g oral glucose tolerance test (OGTT) starting at age 10 years is currently recommended by the Cystic Fibrosis Foundation and the European Cystic Fibrosis Society \[[@B22], [@B27]\]. Although hemoglobin A1c, fasting plasma glucose, or random plasma glucose level can also establish the diagnosis of diabetes, the OGTT is currently the test of choice for diagnosing CFRD because of its higher sensitivity \[[@B22], [@B28], [@B29]\]. The OGTT still has a number of disadvantages, and alternative diagnostic methods that are less time-consuming and more sensitive are being sought \[[@B29]\]. Clinical hyperglycemia may initially manifest only during periods of acute pulmonary infections or corticosteroid therapy. With disease progression, postprandial hyperglycemia develops, followed by CFRD without fasting hyperglycemia, and eventually CFRD with fasting hyperglycemia. The *β*-cell dysfunction is evident many years before the onset of frank diabetes in the form of impaired first-phase insulin secretion in response to intravenous glucose \[[@B30], [@B31]\].

A. Comparisons to Type 1 and Type 2 Diabetes {#s2}
--------------------------------------------

CFRD is classified separately from type 1 diabetes and type 2 diabetes \[[@B32]\]. It is distinguished from type 1 diabetes because of its insidious onset over years to decades, rather than weeks to months, and the persistence of some insulin production long after diagnosis. Accordingly, ketoacidosis is uncommon. Autoantibodies are not detected in most patients with CFRD. CFRD differs from type 2 diabetes because insulin resistance is not the defining feature of the disorder, although substantial insulin resistance may be induced in the context of chronic inflammation and active infections \[[@B33]\]. Similar to both type 1 and type 2 diabetes, CFRD is associated with microvascular complications such as retinopathy and nephropathy, and the risk is dependent on disease duration and glycemic control \[[@B34]\]. Macrovascular disease in CFRD is rare and is not a major source of mortality. However, as an increasing number of CFRD patients reach middle age and beyond, it is conceivable that macrovascular complications may become more recognized in CFRD.

Because of the uniqueness and growing importance of CFRD, a better understanding of how it develops is needed to improve rational therapeutic options. The relative inaccessibility of the pancreatic tissue and the lack of appropriate genetic model systems have hampered mechanistic investigations in the past. With the availability of new animal models and increased focus on human studies examining early phases of CFRD development, there is reason to be optimistic that major conceptual advances are forthcoming. This review addresses new mechanistic insights acquired from cell, animal, and patient studies and the recent and emerging strategies for treatment of CFRD.

2. Updates on CFRD Pathogenesis {#s3}
===============================

A. Collateral Damage or Intrinsic β-Cell Defect? {#s4}
------------------------------------------------

Decreased insulin secretion from the pancreas is the most prominent defect in CFRD. This has historically been attributed to *β*-cell destruction that occurs in connection with fibrosis and scarring of the exocrine pancreas \[[@B31]\]. According to this "collateral damage hypothesis" or "bystander hypothesis," pancreatic duct obstruction from viscous secretions in cystic fibrosis causes tissue autodigestion by the trapped digestive enzymes, and the progressive destruction and fibrosis of the exocrine pancreas eventually damage the adjacent endocrine cells as a result of spillover of inflammation and compromised blood supply. Exocrine pancreatic insufficiency, or the requirement for pancreatic enzyme supplementation, is a readily discernible consequence of pancreatic destruction and is thus often assessed in clinical studies of CFRD.

Only \~3% of patients with cystic fibrosis are born with exocrine pancreatic insufficiency, whereas most are pancreatic sufficient at birth with relatively mild lesions, such as dilation of the duct and acinar lumen \[[@B35], [@B36]\]. By the end of the first year, about 85% of patients with cystic fibrosis will have developed exocrine pancreatic insufficiency \[[@B14]\]. These individuals typically have two *CFTR* mutations that result in complete lack of protein function. The other 15% possess at least one copy of the *CFTR* gene with some residual protein function and will remain pancreatic sufficient or develop exocrine pancreatic insufficiency at an older age.

Patients with exocrine pancreatic insufficiency usually have more severe insulin deficiency, as measured by insulin and glucose response to an OGTT and are much more likely to develop CFRD \[[@B14], [@B30]\]. Studies have consistently shown that even when patients with pancreatic-insufficient cystic fibrosis exhibit normal glucose tolerance on an OGTT, they have lower *β*-cell secretory capacity and *α*-cell function than those with pancreatic-sufficient cystic fibrosis or healthy controls \[[@B30], [@B37]\]. Individuals with more severe neonatal exocrine pancreatic disease *in utero*, as reflected by reduced levels of circulating immunoreactive trypsinogen at birth, have a higher CFRD risk \[[@B38]\]. These observations support the idea that exocrine pancreatic insufficiency is intimately tied to CFRD pathogenesis. Alternatively, it could be a marker of more severe *CFTR* genotypes that cause diabetes via unrelated mechanisms.

Other data suggest that mechanisms in addition to islet destruction and fibrosis may be at play in CFRD development. The incidence of CFRD in patients with pancreatic sufficiency is much lower than in individuals with pancreatic insufficiency, but it is still higher than the rate of type 2 diabetes in the general population of comparable age and body habitus \[[@B13]\]. Impaired insulin secretion has been demonstrated in patients with pancreatic-sufficient cystic fibrosis, albeit not as severe as in those with the pancreatic-insufficient type \[[@B39]\]. The onset of exocrine pancreatic insufficiency in cystic fibrosis does not immediately herald diabetes, similar to diabetes secondary to chronic pancreatitis. CFRD generally lags behind exocrine insufficiency by one or two decades, reflecting a very slow decline in *β*-cell mass and functional capacity. A *β*-cell compensatory response may potentially underlie this phenomenon, as discussed later \[[@B40], [@B41]\]. Autopsy studies have found that the degree of *β*-cell loss associated with CFRD, which is less than 50%, may not be severe enough to cause overt diabetes on its own \[[@B42], [@B43]\]. Diabetes secondary to pancreatic disorders such as pancreatitis or pancreatic surgery is said to require destruction of 80% of *β*-cells \[[@B44]\]. Importantly, the extent of islet destruction and fibrosis is not greater in patients with cystic fibrosis with diabetes than in those without \[[@B42]\], reinforcing the notion that structural damage is most likely not the sole driving factor in the pathogenesis of CFRD.

Autopsy studies have shown that CFRD does correlate with the presence of amyloid deposits in islets; amyloid deposits are absent in islets of patients with cystic fibrosis without diabetes \[[@B45]\]. Amyloid may come from amylin, a polypeptide hormone cosecreted with insulin from *β*-cells, and whether the islet amyloid contributes to the pathology has not been determined. The islet amyloid accumulation is also frequently seen in type 2 diabetes but generally not in type 1 diabetes. Interestingly, analysis of families with cystic fibrosis has shown that a family history of type 2 diabetes is a risk factor for CFRD, and genome-wide association studies have identified several known susceptibility genes for type 2 diabetes, namely *TCF7L2*, *CDKN2A/B*, *CDKAL1*, and *IGF2BP2*, as modifier genes for CFRD \[[@B46]\]. These observations suggest that the islet dysfunction in CFRD may share some common mechanisms with that in type 2 diabetes. Indeed, impaired first-phase insulin secretion seen in cystic fibrosis is also found in type 2 diabetes \[[@B31]\]. On the other hand, although insulin resistance is the cardinal hallmark of type 2 diabetes, its role in the development of CFRD is not consistent. Euglycemic hyperinsulinemic clamp studies in nondiabetic subjects with cystic fibrosis have reported conflicting data, finding increased, normal, and decreased insulin sensitivity \[[@B33], [@B47], [@B48]\]. It has been suggested that the insulin resistance found in CFRD may be a secondary consequence of sustained hyperglycemia instead of a primary defect in insulin sensitivity \[[@B42]\]. Acute infections tend to be more consistently associated with increased insulin resistance in cystic fibrosis \[[@B33]\], presumably because of elevated levels of inflammatory cytokines and stress hormones. In the setting of reduced insulin secretion, changes in insulin resistance may be a major determinant of glucose tolerance \[[@B49]\].

Aside from *β*-cell loss from pancreatic destruction and modifier genes shared with type 2 diabetes, some investigators have favored the possibility that a cell-autonomous defect within the *β*-cell itself directly contributes to the disease process \[[@B50]\]. Intrinsic *β*-cell defects due to *CFTR* gene mutations could involve mechanisms such as alterations in cellular membrane potential affecting the insulin secretory apparatus \[[@B51]\], accumulation of misfolded CFTR protein aggregates producing endoplasmic reticulum stress \[[@B52]\], or abnormal reduced glutathione transport with increased oxidative stress \[[@B53], [@B54]\]. The CFTR protein is primarily expressed in pancreatic ductal cells, whereas its expression in islet cells has been a subject of debate. Recent work using confocal immunolocalization reported the presence of CFTR protein in human and mouse pancreatic *β*-cells and *α*-cells \[[@B55], [@B56]\]. Glucose-stimulated insulin secretion from cultured human and mouse *β*-cells was significantly inhibited by treatment with CFTR antagonists \[[@B55]\]. In human islets and mouse *α*-cells, CFTR antagonists increased glucagon secretion in the presence of the cyclic adenosine monophosphate activator forskolin \[[@B56]\]. Depletion of CFTR by short hairpin RNA--mediated gene silencing in a mouse *β*-cell line reduced glucose-stimulated insulin secretion \[[@B57]\]. However, the expression of CFTR in human endocrine cells and the specificity of the CFTR inhibitor were both questioned in another study \[[@B58]\]. *In vivo* studies in mice have also produced conflicting results. In one study, the *Δ*F508 mutant mice displayed attenuated membrane potential and insulin secretion in *β*-cells isolated from young (12- to 14-week-old) animals, which could be rescued by treatment with the corrector drug lumacaftor \[[@B51]\]. Another study found only a mild *β*-cell secretory defect in 14-week-old *Δ*F508 mutant mice, which could be accounted for by a reduction in insulin content, and in older mice found increased insulin resistance and decreased *β*-cell mass to be the main abnormality, without gross pancreatic pathology \[[@B59]\]. Mice may have limited utility as models of CFRD because they do not spontaneously develop diabetes, although mouse models of cystic fibrosis are more susceptible to streptozotocin-induced diabetes \[[@B60]\], indicating a baseline abnormality.

In addition to *β*-cells, *α*-cells may potentially contribute to dysglycemia in cystic fibrosis. Impaired suppressibility of glucagon after oral glucose has been described in patients with cystic fibrosis, possibly predisposing to early impairment in glucose tolerance \[[@B61]\]. In several studies, patients with cystic fibrosis with exocrine pancreatic insufficiency showed reduced glucagon response to arginine and to insulin-induced hypoglycemia \[[@B30], [@B37]\]. Defective glucagon secretion in cystic fibrosis may increase the risk of hypoglycemia, which is seen even in individuals without CFRD \[[@B22]\]. Other studies have reported normal glucagon response to mixed meals in cystic fibrosis \[[@B62], [@B63]\]. The possibility of an intrinsic *α*-cell defect has been raised by an observation that treating mouse islets with CFTR inhibitors increases glucagon secretion, perhaps via alteration of the *α*-cell membrane potential \[[@B56]\]. Another hormonal system that has been implicated in CFRD pathogenesis is the incretin axis. Active glucagon-like peptide-1 (GLP-1) levels in cystic fibrosis are reportedly diminished in some studies \[[@B64]\]. Both GLP-1 and gastric inhibitory polypeptide (GIP-1) responses to a mixed meal were blunted in the first 30 minutes in patients with pancreatic insufficiency compared with patients with pancreatic sufficiency \[[@B37]\]. Whether CFTR is expressed in intestinal enteroendocrine cells and can affect their secretion of GLP-1 or GIP-1 is not known. Treatment of human patients with cystic fibrosis with the CFTR potentiator ivacaftor improved insulin secretion but not incretin secretion \[[@B65]\], suggesting that CFTR may not directly modulate incretin secretion. Lastly, insulin clearance rate is increased in cystic fibrosis from unclear mechanisms \[[@B33], [@B66]\], perhaps predisposing to insulin insufficiency.

B. Insights From Ferret and Pig Models {#s5}
--------------------------------------

The ferret and pig models mirror the human disease more closely, including age-dependent development of diabetes \[[@B67]\]. Newborn *CFTR* ^−/−^ ferrets have relatively mild disease of the exocrine pancreas and primarily display only acinar duct dilation, but most go on to develop severe inflammation and exocrine pancreatic insufficiency in the first months of life \[[@B68]\]. They serve as a useful model for human infants with cystic fibrosis, most of whom have only mild pancreatic lesions with acinar duct dilation at birth and subsequently undergo pancreatic destruction. The *CFTR* ^−/−^ pigs, on the other hand, develop pancreatic inflammation during late gestation and are all born with exocrine pancreatic insufficiency \[[@B69]\]. The pig is therefore suitable for modeling the later or more severe stages of human pancreatic disease in cystic fibrosis. In terms of the islet pathology, *CFTR* ^−/−^ ferrets exhibit abnormal glucose tolerance and decreased first-phase insulin secretion at birth, before exocrine pancreatic insufficiency \[[@B68]\]. *CFTR* ^−/−^ pigs and *Δ*F508 pigs also show impaired glucose tolerance and insulin secretion defects at birth and subsequently develop spontaneous hyperglycemia without appreciable loss of islet cell mass \[[@B69]\]. These latter observations imply that structural destruction of the endocrine pancreas may not be required for the development of CFRD, although it is certainly expected to increase the odds of overt diabetes by diminishing the *β*-cell reserve.

C. How New Human and Animal Data Affect Views on CFRD Pathogenesis {#s6}
------------------------------------------------------------------

Recent human studies support the presence of early abnormalities in glucose metabolism. Infants and young children aged 3 months to 5 years with cystic fibrosis were found to have abnormal glucose tolerance \[[@B70]\]. Insulin levels were not increased or were only modestly increased relative to controls, suggesting an inability to increase insulin secretion to maintain euglycemia after an oral glucose load. This is reminiscent of the findings in newborn ferret and pig models. In other clinical studies, patients with cystic fibrosis who were given the potentiator drug ivacaftor significantly improved first-phase insulin secretion as well as insulin response to oral glucose load, indicating partial reversibility of the secretion defect \[[@B65], [@B71]--[@B73]\]. Such observations could be consistent with, but do not prove, a primary *β*-cell defect resulting from *CFTR* mutations because ivacaftor corrects channel defects in other pancreatic cells as well. To exclude influence from non--*β*-cells, an inducible *β*-cell--specific *CFTR* null mouse was generated that exhibited normal *β*-cell mass, enhanced sensitivity to glucose-stimulated insulin secretion, and evidence of altered endoplasmic reticulum calcium handling \[[@B74]\]. Although the global *CFTR* knockout mice do not spontaneously develop diabetes with age, they display a higher predisposition to streptozotocin-induced diabetes, and it would be of interest to see whether the *β*-cell--specific *CFTR* null mice can replicate that phenotype. Interestingly, the *CFTR* transcript was detectable only in a minor subpopulation (10% to 20%) of wild-type mouse *β*-cells by single-cell RNA sequencing \[[@B74]\]. If the CFTR-expressing *β*-cells possess special pacemaker properties, quantitatively significant *β*-cell loss may not be necessary for diabetes to develop.

The ferret model resembles early human disease, as noted previously. No *CFTR* expression was detected in human or ferret endocrine pancreatic cells by single-molecule fluorescent *in situ* hybridization \[[@B58]\], conflicting with a recent report of protein detection in human *β*-cells by confocal immunolocalization \[[@B55]\]. However, islets from newborn *CFTR* null ferrets still exhibited decreased insulin secretion, as did wild-type islets depleted of CFTR protein by short hairpin RNA, and also showed elevated levels of exocrine ductal markers and markers of stellate cell activation \[[@B58]\]. It was suggested that CFTR may control *β*-cell function indirectly via a paracrine mechanism involving islet-associated nonendocrine cells, such as duct cells or stellate cells. There may be a role for neuropeptides such as calcitonin gene-related peptide in this context \[[@B75]\]. A paracrine mechanism could account for functional defects in the *β*-cell without the need to invoke cell autonomous effects or extensive islet destruction. Recent work with the ferrets has also demonstrated the occurrence of a transient glycemic crisis early in life, which is accompanied by loss of *β*-cell mass and pancreatic inflammation and fibrosis. This is followed by a compensatory response, with a doubling of the residual *β*-cell mass and enhancement of pancreatic insulin, glucagon, and somatostatin gene expression \[[@B70]\]. The islet protective mechanisms in ferrets are concordant with increased pancreatic expression of the adipogenic transcription factor peroxisome proliferator-activated receptor -*γ*, which may reflect fatty replacement of pancreatic parenchyma but is hypothesized to have a protective role in conjunction with its anti-inflammatory actions \[[@B70]\]. In the pancreas, adipose tissue stem cells have been reported to promote immunomodulatory and *β*-cell protective effects \[[@B76]\].

It is conceivable that human patients with cystic fibrosis may undergo a similar glycemic crisis early in life in the setting of exocrine pancreatic insufficiency, but compensatory mechanisms allow sufficient functional recovery to delay the onset of CFRD until decades later. Autopsy studies have documented prominent nesidioblastosis along with classic fibrocystic changes of the pancreas in nondiabetic patients with cystic fibrosis in the first decade of life \[[@B41]\].

These new findings collectively point to potential contributions from paracrine mechanisms and *β*-cell compensation ([Fig. 1](#F1){ref-type="fig"}). A role for an intrinsic *β*-cell defect is supported by experimental studies in human and mouse islets treated with CFTR inhibitors. In ferrets, however, these inhibitors (CFTRinh172) reduced insulin secretion in both wild-type and null islets, suggestive of an off-target effect \[[@B58]\]. It may be informative to perform *CFTR* expression and inhibition studies using tissues from other *CFTR* null animal models and patients with *CFTR* nonsense mutations. The *β*-cell--specific null mice provide more compelling evidence of an intrinsic abnormality, and a direct connection to CFRD pathogenesis could be more readily established with animal models that spontaneously develop diabetes.

![Possible pathogenetic mechanisms in CFRD. Insulin resistance may also have a role in the setting of infections or glucocorticoid therapy. Modifier genes other than CFTR influence the risk of developing diabetes. ER, endoplasmic reticulum.](js-01-1386-f1){#F1}

3. Advances in CFRD Therapeutic Strategies {#s7}
==========================================

A. Insulin Therapy {#s8}
------------------

Currently, insulin remains the only therapy for CFRD officially recommended by the Cystic Fibrosis Foundation and American Diabetes Association \[[@B22]\]. There have been no conclusive data on which insulin regimen is optimal. Insulin glargine, NPH insulin, and fast-acting prandial insulin have all been reported to produce benefits \[[@B21], [@B24], [@B26]\]. Recent treatment advances for insulin therapy include the widespread availability of insulin pumps, which lessen variability of administration and increase flexibility with regard to complex meal schedules \[[@B77]\]. With insulin pumps, multiple insulin boluses can be given without separate injections. This can be advantageous to patients with cystic fibrosis who are often encouraged to have frequent meals and snacks throughout the day to maintain high-calorie intake and healthy weight. Insulin pump therapy can be labor-intensive, however, and can add to the treatment burden of patients with cystic fibrosis, which may limit its uptake by patients \[[@B78]\].

The growing use of continuous monitoring with glucose sensors has allowed an unprecedented level of access to patient glucose data for clinical decision-making and can help reduce the occurrence of large glycemic excursions. Continuous glucose monitoring may also have a role in screening for cystic fibrosis--related diabetes \[[@B29]\]. Efforts to integrate the insulin pump and continuous glucose sensor in creating closed-loop systems or an "artificial pancreas" are well under way \[[@B79]--[@B81]\], with the promise of ultimately yielding a fully automated glucose sensing and insulin delivery system that requires minimal patient intervention.

B. Oral Antidiabetic Drugs and Incretin Mimetics {#s9}
------------------------------------------------

The number of therapeutic options for treating diabetes has increased substantially in recent years, but most of them have not been formally evaluated in patients with CFRD. Because the degree of insulin resistance in CFRD is variable, insulin-sensitizing agents such as metformin or thiazolidinediones are not routinely used for treatment of CFRD. *α*-Glucosidase inhibitors, which prevent digestion of carbohydrates in the intestine, or sodium-glucose co-transporter 2 inhibitors, which block reabsorption of glucose in the kidney, may not be indicated in patients with cystic fibrosis, who are usually trying to increase calorie intake and gain weight. Insulin secretagogues have been used on occasion at some centers, but insufficient evidence exists to establish a clear role in CFRD management. Observational studies have found no difference between insulin and sulfonylureas in clinical outcome \[[@B82], [@B83]\]. Randomized studies compared prandial insulin with repaglinide \[[@B21], [@B84]\] and concluded that insulin produced a more favorable response, especially in terms of sustained improvement of body mass index.

There may be some rationale for using drugs that target the incretin axis \[[@B85]\], because impaired postprandial incretin hormone secretion has been reported in patients with cystic fibrosis without CFRD \[[@B37], [@B62]\]. GLP-1 and GIP-1 secretion was lower in patients with exocrine pancreatic-insufficient cystic fibrosis than in patients with pancreatic sufficiency even when they had a normal OGTT result \[[@B37]\]. The available incretin modulators are GLP-1 receptor agonists, which act as incretin mimetics, and dipeptidyl peptidase-4 inhibitors, which increase GLP-1 levels indirectly by interfering with its degradation. Potential drawbacks of these drugs include GLP-1 receptor agonist--mediated reduction of appetite and weight loss and some concerns over proliferative effects in the pancreas. Of note, fat malabsorption can be a major contributor to postprandial hyperglycemia because digestion of fat serves to slow down gastric emptying and absorption of carbohydrates. Treatment of exocrine pancreatic insufficiency with pancreatic enzyme supplements has the benefit of reducing postprandial hyperglycemia, slowing gastric emptying, and augmenting incretin hormone secretion \[[@B62], [@B86]\].

C. Islet/Pancreas Transplantation and Stem Cell--Derived β-Cell Replacement Therapy {#s10}
-----------------------------------------------------------------------------------

For patients with CFRD and end-stage lung disease, pancreatic islet transplantation after lung transplantation and combined lung and islet transplantation have been suggested as options \[[@B87], [@B88]\]. Combined lung-pancreas transplantation is also possible but carries a higher risk of complications than lung-islet transplantation \[[@B89]\]. Total pancreatectomy and islet autotransplantation have been performed in some patients with chronic painful pancreatitis, including those with pancreatic-sufficient cystic fibrosis \[[@B90]\], but a similar strategy has not been attempted in CFRD, largely because of lower numbers of viable islets. An innovative approach to overcome the limited supply of donor cells is to implant islet progenitor cells or *β*-cells that are differentiated in culture from human embryonic stem cell lines \[[@B91]\]. The implanted cells are encapsulated in semipermeable barrier material, obviating the need for immunosuppression. One such system has entered phase 1/2 clinical trials in patients with type 1 diabetes.

D. CFTR Modulator Therapy {#s11}
-------------------------

Ivacaftor and lumacaftor are recently approved small-molecule drugs that target the defective CFTR proteins associated with specific genotype classes \[[@B10]\]. Ivacaftor is a potentiator that enhances CFTR channel activity and is effective for mutant proteins with abnormal channel gating (class III mutations) or conductance (class IV mutations). Lumacaftor is a corrector that facilitates CFTR protein folding and maturation and primarily targets patients with class II mutations such as *Δ*F508. Small pilot studies and case reports have demonstrated that ivacaftor therapy ameliorated impaired insulin secretion in patients with cystic fibrosis who carry common gating mutations, in some cases resulting in resolution of CFRD \[[@B65], [@B71]--[@B73]\]. Longer-term studies involving larger numbers of patients are needed to confirm the proposed benefit of these drugs in treating CFRD. Agents that promote the read-through of premature termination codons have the potential for suppressing certain class I mutations. Structural modification of aminoglycoside antibiotics, which display such read-through activity at sufficiently high concentrations, is being carried out to reduce the cytotoxicity that currently prevents routine use for this purpose \[[@B92]\]. Ataluren, an unrelated small molecule approved in Europe to treat nonsense mutations in the dystrophin gene, has not shown efficacy in cystic fibrosis in recent phase 3 trials \[[@B93]\].

E. Gene Replacement and DNA/RNA Editing Therapy {#s12}
-----------------------------------------------

Because cystic fibrosis is a monogenic, autosomal recessive disorder, direct replacement or repair of the *CFTR* gene offers a potentially curative strategy \[[@B94]\]. For treatment of pulmonary disease, aerosolized administration of viral or nonviral vectors has been used to deliver the wild-type *CFTR* gene to the airways; although no *CFTR* gene therapy has received regulatory approval thus far, some encouraging results have been reported from clinical trials \[[@B95]\]. Systemic administration of pancreas-tropic serotypes of viral vectors, such as adeno-associated virus serotype 8, can in principle target pancreatic disease in cystic fibrosis, and if desired, a tissue-selective promoter can be used to drive transgene expression with viral or nonviral vectors \[[@B96]\]. Genome editing technologies such as CRISPR (clustered regularly interspaced short palindromic repeats), TALENs (transcription activator-like effector nucleases), and ZFNs (zinc finger nucleases) now permit the site-specific correction of *CFTR* gene mutations at their endogenous chromosomal loci for restoration of function. Culture studies have demonstrated successful repair of a mutant *CFTR* gene in this fashion \[[@B97], [@B98]\]. *In vivo* *β*-cell--targeted gene editing systems are under development and may someday achieve sufficient efficacy and safety to attempt human trials \[[@B99]\]. RNA editing strategies are another possible alternative. RNA oligonucleotides have been used to rescue deleted segments of *CFTR* messenger RNA in cultured *Δ*F508 cells \[[@B100]\]. Delivery of the whole *CFTR* messenger RNA is also being investigated as an option and has the appeal of being transient, less disruptive to the cell, and easily produced in large quantities \[[@B101], [@B102]\].

4. Future Perspectives {#s13}
======================

An interplay of *β*-cell intrinsic and extrinsic factors is thought to underlie the development of CFRD. At present, it seems reasonable to postulate that a mild *β*-cell defect, either intrinsic or secondary to altered paracrine communication between *β*-cells and surrounding islet and nonislet cells, becomes increasingly exacerbated as pancreatic inflammation disrupts the local environment, which may be further compounded by gradual loss of *β*-cell mass from cell death or dedifferentiation. However, the relative importance of each process is still unknown. Elucidating the early events in CFRD pathogenesis is clearly key, but because it is difficult in practice to recruit large numbers of infants with cystic fibrosis or obtain pancreatic tissues, pig and ferret models may provide critical clues. Although studying the natural course of CFRD in these animals is valuable, a precise dissection of the mechanism may require experimental genetics, such as tissue-selective inactivation of the *CFTR* gene in *β*-cells, *α*-cells, or ductal cells using promoters selective for each cell type \[[@B103]\]. CRISPR-mediated genome editing in nontraditional models such as pigs and ferrets has been demonstrated \[[@B104], [@B105]\], and both genomes have been sequenced. In principle, cell type--specific *CFTR* inactivation in these animals can address the question of whether intrinsic *β*-cell disease or exocrine pancreatic disease alone can produce CFRD or perhaps both are required.

The early occurrence of insulin secretion abnormalities in humans, pigs, and ferrets does not necessarily establish a key role for an intrinsic *β*-cell defect because concurrent disease processes are ongoing in the exocrine pancreas and in non--*β*-cells in the islets, which can alter paracrine signals. The sparing of islets in cystic fibrosis pigs suggests that structural destruction of islets is not necessary and perhaps local inflammation is enough to produce functional *β*-cell insufficiency. In humans, moreover, overt CFRD is not typically diagnosed until years or decades after exocrine pancreatic insufficiency, implying that additional processes, some of which conceivably overlap with type 2 diabetes, must take place. Alternatively, the CFRD diagnosis may be delayed because of a compensatory response and islet remodeling early in life that produce partial recovery of *β*-cell function and mass. It may be possible to detect such transient glycemic crises with more studies of glycemic patterns in very young children.

The CFTR modulator therapy provides a means to assess the reversibility of insulin-secretion defects in human subjects carrying appropriate *CFTR* genotypes amenable to such therapy, as well as in certain animal models such as the *Δ*F508 pig. Because recent clinical data indicate the presence of insulin-secretory defects in young infants, it is desirable to explore the potential benefits of such therapy at the earliest feasible age, with long-term follow-up to determine efficacy in preventing or delaying CFRD \[[@B43]\]. Older patients with established CFRD may also show clinical improvement and even resolution of CFRD, according to case reports \[[@B73]\]. At clinicaltrials.gov, there is an ongoing trial with pediatric patients and a planned trial with adult patients. The pig model may have utility for correlating the islet physiology to the drug response at different stages of pancreatic disease.

5. Search Strategies {#s14}
====================

A PubMed search was performed for articles published between 2010 and 2017 using the terms "cystic fibrosis" AND "diabetes." Articles were selected for further evaluation on the basis of whether the abstract conveyed direct relevance to CFRD pathophysiology or therapy. For each article selected, the cited references were screened, and those judged relevant to the subject of the present review were included. Abstracts pertaining to diabetes from the 30th annual North American Cystic Fibrosis Conference in October 2016 \[*Pediatr Pulmonol*. 2016;51(S45)\] were also considered for inclusion.

Abbreviations: CFRDcystic fibrosis--related diabetes*CFTR*cystic fibrosis transmembrane conductance regulatorGIP-1gastric inhibitory polypeptideGLP-1glucagon-like peptide-1OGTToral glucose tolerance test.
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